Energetic deposition using filtered cathodic arc plasma is known to lead to well adherent and dense films. Interface mixing, subplantation depth, texture, and stress of the growing film are often studied as a function of the kinetic energy of condensing ions. Ions have also potential energy contributing to atomic scale heating, secondary electron emission and potential sputtering, thereby affecting all film properties. A table is presented showing kinetic and potential energies of ions in cathodic arc plasmas. These energies are greater than the binding energy, surface binding energy, and activation energy of surface diffusion. The role of potential energy on film growth is not limited to the cathodic arc plasma deposition process.
Energetic deposition of thin films using filtered cathodic arc plasma deposition is known to lead to well adherent and dense films 1 . Energetic deposition can be defined as a film deposition process in which a large fraction of particles arriving at the surface has sufficient energy to come to rest not on but under the surface. Apart from special cases of ion channeling, one may express this criterion such that the kinetic energy of arriving particles should be greater than the minimum displacement energy of the material. Because the minimum displacement energy 2 is in the range 10-40 eV, the criterion implies that the kinetic energy exceeds the binding energy 3 and surface binding energy. Table I . They are greater than the binding (cohesive) energy and displacement energy of the material.
Cathodic-arc ions go through three zones of acceleration. The first is the vicinity of the cathode spot, leading to the ion velocities compiled in ) but generally much smaller than the other contributions to kinetic energy.
When the ion arrives at the surface, the projected range is determined by its momentum or kinetic energy. The loss rate of kinetic energy is determined by (i) nuclear elastic collisions, involving large energy losses with significant angular deflection of the ion trajectory, and (ii)
electronic inelastic collisions where the moving ion excites or ejects electrons of the substrate, involving small energy losses per collision and negligible deflections of the ion trajectory 2 . With the loss rate of order 100 eV/nm, ions in energetic deposition penetrate just a few monolayers (subplantation). The kinetic energy can be associated with displacements and short collision cascades. Each displaced atom will come to rest with large amplitude vibrations around its new site, a process far from thermodynamic equilibrium. Atoms involved in cascades represent an atomic-scale volume of "hot" material whose thermal energy is rapidly quenched by thermal conduction.
While the role of the kinetic ion energy is well investigated, the fact that ions have significant potential energy is usually ignored. The potential energy of ions includes excitation energy of bound electrons, E exc , cohesive energy, E c , and ionization energy. The most general expression for the total energy of an ion arriving at the substrate surface is
where the first three terms are the kinetic ion energy in the plasma, the kinetic energy gained in the sheath, and the kinetic energy gained by image charge acceleration. Only ions that have an electron in an excited state carry excitation energy. By far more important is ionization energy, especially for multiply charged ions. The ionization energy E Q is defined as the energy needed to remove a bound electron from an ion of charge state Q, forming an ion of charge state Q+1.
Therefore, when calculating the ionization energy being supplied to the film by, for instance, a triply charged ion, one needs to add the ionization energies of all three ionization steps. Table I includes the cohesive energies as well as the ionization energies expressed as
The release of potential energy and its effects on film properties is less studied. The ionization energy is released just above the surface via photon radiation and Auger processes and in the solid when electrons cascade to the ground state level within about 10 fs. Local electronic excitation can lead to "potential sputtering"
4 . Electron-phonon coupling leads to local heating of the lattice; the time scale to reach equilibrium between electron and lattice temperature is of order 1 ps (Ref. 5 ). For insulating surfaces, surface charge-up will attract electrons from the plasma. Ionization energy can be considered released when a charge-compensating electron is actually supplied. Cohesive energy becomes available when the arriving ion has become a film atom, i.e., its electrons have established bonds with neighboring atoms. More research and modeling is needed to understand these events in detail.
Secondary electrons that are not captured by an arriving ion are emitted with a yield γ carrying away a few eV of kinetic energy and a few eV as determined by the work function.
Besides secondary electron emission and potential sputtering, there are a number of energy loss mechanisms that need to be considered in an energy balance. This is beyond the scope of this
Letter. The focus is on the energy supply, and specifically on the often-neglected contribution of potential energy.
In energetic deposition, each ion delivers kinetic and potential energy, and both contribute to what can be called atomic scale heating (ASH). These energies are usually greater than the binding energy, surface binding energy, and activation energy for surface diffusion, and therefore both kinetic and potential energy can be expected to have a significant effect on film evolution and resulting film properties. In filtered cathodic arc deposition, the condensing 5 species are exclusively ions, therefore, each atom in the growing film was several times subject to ASH, namely, once when it arrived, and furthermore when neighboring atoms arrived. Musil 6 pointed out that ASH can replace conventional heating and so produce dense films via enhanced surface mobility at generally low bulk temperature. Of course, ASH eventually gives rise to temperature elevation of the substrate and growing film as a whole.
The considerations presented here also apply to energetic deposition processes other than cathodic arc plasma deposition. For instance, plasmas for pulsed laser deposition contain ions of similar energy, density, and charge state 7 . If ablation is performed in a low-pressure gas environment, large amounts of excited species have been observed that are thought to contribute to the structural development of films 7 .
In conclusion, films grown by energetic deposition processes may owe some of their properties not only to the kinetic energy of condensing ions but also to their potential energy.
The largest contribution to the potential energy is the ionization energy. 
